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Crystallographic texture and grain–boundary distribution are introduced as a newmethod of reducing suscepti-
bility to crack formation and propagation. In thiswork, slow strain rate tests (SSRT)wereperformedon fullymar-
tensitic ultra-high strength Fe–18Ni–Co steel in 0.6 M NaCl atmosphere at −1.2 VSCE to investigate hydrogen
embrittlement (HE). Micro and meso-texture in both crack stricken and crack free regions were characterized
using electron backscattering diffraction (EBSD) technique, to find a pattern between crystallographic orienta-
tion and HE susceptibility. The Taylor factor analysis was used to determine the grains with higher susceptibility
to crack initiation and propagation. The results showed that cracks can initiate and propagate through b100N//
NDoriented grains,while {111} and {110}//NDfibers indicate higher resistance path for crackpropagation.More-
over, the high amount of deformed fraction with high stored energy acts as one of themain reasons for high sus-
ceptibility of this steel against SSRT. It is concluded that the susceptibility of high strength Fe–18Ni–Co steel toHE
can be reduced through crystallographic texture control and grain boundary engineering.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

The low carbon, high nickel-cobalt steel can provide an extraordi-
nary combination of strength, fracture toughness, good weldability
and simple heat treatment [1,2]. These steels have their application rec-
ognized in parts of ultra-high strength and great dimensional precision
equipment. In these steels, transforming to martensite after a solution
annealing following bywater quenching, is not critical. High nickel con-
tent with low carbon content, allows the formation of an outstanding
tough BCC martensite. It is worth mention that the crystallographic
structure of iron–nickel martensite with very low carbon content is
body-center cubic (BCC structure). Jones and Li [3,4] concluded that
austenite to martensite transformation in the iron–nickel system is a
diffusionless type. The iron–nickel equilibrium diagram is shown in
Fig. 1. This diagram shows that when the alloy with 18% nickel is held
at high temperature (above 650 °C), its structure consist entirely of
austenite with FCC austenite structure. While at temperatures below
350 °C, a unique BCC structure is obtained regardless of the cooling rate.

It is expected that theMaraging steels with 18% of nickel needs to be
heated above 650 °C to be completely transformed to austenite. Howev-
er, adding another alloy element, cobalt for example, it must be heated
.

to a minimum 800 °C to assure complete transformation to austenite.
Previous investigations clearly showed that aging at 480 °C achieves
the maximum strength and fracture toughness. Fe–18Ni–Co steels are
mainly used in applications such as aerospace, military and production
tooling [5]. Hydrogen embrittlement (HE) is a major problem in the
high strength low carbon steelswithmartensiticmicrostructure. The re-
sistance of steels to HE has been improvedwith reduction in alloying el-
ement contents such as sulfur and niobium, inclusion control and low
segregation in microstructures [6]. These lines of action have not con-
firmed to be fully effective [7]; therefore, the crystallographic texture
and grain–boundary engineering have been recommended to further
reduce these alloys susceptibility to HE.

In steels, characteristic crystallographic orientation changes take
place during deformation and heat treatment. Such changes, the texture
effects, can be best explained on crack formation under strain and se-
vere conditions like H2S environment [8]. In bcc structure, slip occurs
in the close packed b111N directions but the slip plane may be any of
the planes {110}, {112} or {123}; each of these planes contains the
closed packed slip direction, b111N [9]. Dillamore et al. [10], by analyz-
ing various types of steels based on dislocation theories and themisori-
entation dependency on the grain orientation concluded that the
elasticity modulus is the highest along the b111N direction and de-
creases according to the sequence E111 N E110 N E112 N E100. It can
be concluded that the yielding occurs preferentially along the b100N
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Fig. 1. Equilibrium phase diagram of Fe–Ni [36].
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direction and plastic deformation would happen sooner along the
other directions. Finally, cracks would nucleate at these preferred
orientations.

The present workwas donewith the aim of looking for the potential
HE crack initiation and propagation along preferred crystallographic
orientations. In order to achieve it, SSRT was performed on fully bcc
martensitic steel and crystallographic texture and grain boundaries dis-
tributionwere used to analyze crack nucleation and propagation sites to
avoid catastrophic fractures. Then, the Taylor factor analysis was done
on two cracked regions to predict the deformation tendency of grains.

2. Experimental material and methods

The chemical composition of the high strength Fe–18Ni–Co steel
used in this study is given in Table 1. Specimens with dimensions of
12 × 11 × 3 mm were solution annealed at 820 °C for 1 h, air cooled
to room temperature, aged at 480 °C for 3 h followed by air cooling in
order to achieve a fully bccmartensitic structure. An XRD result of spec-
imen is shown in Fig. 2, where only a bcc structure was observed in this
condition.

The main objective of this research was to study the crack initiation
andpropagation andfind a correlationbetween the probability of crack-
ing and grain boundary characteristics. Therefore, SSRTwere conducted
with a strain rate of 1.0 × 10−6 s−1. The tests were conducted in air and
immersed in an 0.6 M NaCl electrolyte using a simultaneous potential
charge at −1.2 VSCE at room temperature, according to ASTM G129-00
and ASTM F1624-09 [11]. Relative strength and plasticity losses were
chosen to assess the HE susceptibility of the materials. Cylindrical sam-
ples of 4.1 mm in diameter and 28mm in gauge length were employed
[12]. The sample was solution annealed at 820 °C for 1 h then aged at
480 °C for 3 h and finally air cooled. Thus, the hardness 52.0 HRC was
reached. The heat treatment was performed in a vacuum sealed quartz
tube. The region of the samples exposed to the electrolyte were pre-
pared using SiC paper up to 600 mesh, washed in distilled water and
Table 1
Chemical composition of high strength Fe–18Ni–Co steel.

Element Ni Co Mo Ti Al Fe

wt.% 18.68 9.62 4.84 0.87 0.38 Bal.
blow dried. The samples were charged for 24 h before and during the
SSRT by potentiostatic method. The tests were performed in a Cortest®
machine model Constant's Extension Rate Test.

Microstructural examination was performed on metallographic
samples grinded using SiC papers with mesh size up to 1200, then
polished with 6, 3 and 1 μm diamond paste and finally etched with
Marble's reagent [26]. For this investigation, an Olympus®BX–51Mop-
tical microscope and a Philips® XL–30 scanning electron microscope
(SEM) were used.

Ultimate tensile strength and elongation decreased dramatically
during SSRT. For better understanding the effect of crystallographic ori-
entation on HE behaviors, both crack stricken and crack free regions
were selected throughout the mentioned specimen. It is worth men-
tioning that the distance between examined areas is far enough to ig-
nore interaction effects between them. Crystal orientation maps were
obtained using an EBSD on a FEI, XL-30 SEM equipped with a HKL
Oxford® camera using Channel 5 software. In the EBSDmeasurements,
grain orientation, grain boundary types and Taylor factor were ana-
lyzed. Taylor maps were calculated by the data sets using the primary
Fig. 2. X-ray diffraction pattern of sample aged at 480 °C for 3 h.
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slip systems of {111} planes in the b110N direction and the loading
direction.
3. Results and discussion

OM and SEM examinations of the microstructure of the initial sam-
ple were performed. Fig. 3a shows the OMmicrograph of high strength
Fe–18Ni–Co steel that has been annealed at 820 °C for one hour and
aged at 480 °C for 3 h. Microstructure demonstrates a full lath martens-
itic structure within prior austenitic grains. Moreover, XRD showed no
retained austenite in the specimen and confirmed a fully BCC structure
as shown in Fig. 2. Goldberg et al. [13] have reported that a short holding
time at 820 °C may result in the formation of solute-rich or solute-poor
regions leading to the martensite-to-austenite transformation. It is
worth mentioning that many authors [14,15] have reported that a low
carbon bcc-martensite leads to a better toughness compared to body-
centered tetragonal (BCT) martensite. Also, the earlier research [16] re-
ported that solution treatment can reduce the segregation of alloying el-
ements and decrease corrosion and failure susceptibility. Furthermore,
SEM micrograph is shown in Fid. 3b, indicated that the microstructure
consists essentially of aligned lath martensite with grain size about
15 ± 2 μm.

The fracture surface of the sample after SSRT experiment (Fig. 4a)
demonstrated cup-and-cone fracture morphology, characteristic of a
ductile failure. The extensive plastic deformation (necking) was ob-
served around the fracture due to ductile failure behavior. Martensite
is a non-equilibrium phase involving unstable dislocation substructure,
excess vacancy concentrations and supersaturated interstitial solutes
[17], resulting high susceptibility to crack formation. In addition, it is ex-
pected that hydrogen trapped at defect sites generates high-stress con-
centration, decrease the ductility and facilitates failure. Fig. 4b shows
the SEM micrograph of the studied sample after SSRT experiment. The
cracks were developed propagating through intergranular and
transgranular paths. It is expected (hypothesized) that crystallographic
texture and grain boundaries distribution play a significant role on crack
damage. Therefore, special attentionwill be paid to the analysis by EBSD
of cracked regions.

Fig. 5 shows the EBSD inverse pole figuremaps (IPF) from two cracks
stricken and cracks free regions of the investigated samples. Sub-grains
and low angle grain boundaries (LAGBs) of lower than 15° and high
angle grain boundaries (HAGBs) higher than 15° of misorientation are
shown as thin and thick lines, respectively. The high density of disloca-
tion due to plastic deformation and the high strain fields seen near the
grain boundaries of the IPF maps had some influence on the EBSD anal-
ysis leading to poor indexing in these sites. It should also be considered
that due to the restrictions imposed by angular resolution, boundaries
with misorientation greater than 2° are identified as sub-grain bound-
aries in the EBSD maps. It can be seen in Fig. 4a and b, the cracks
Fig. 3. (a) OM and (b) SEM micrographs
propagated intergranularly and transgranularly along the sample. The
results showed that grains with {001}//ND orientations were highly
prone to HE crack propagation. However, as can be seen the fracture oc-
curred with grains related to {111}//ND orientation. Therefore, the role
of high angle grain boundaries, grain sizes and adjacent grains with a
mismatch in Taylor factor should be considered to find an effective pat-
tern in crack propagation. The grain sizes of each regionwere calculated
and are listed in Table 2.

Many important physical and mechanical properties are known to
be linked tightly to themicrostructural features such as crystallographic
orientation, grain boundaries and grain size. In general, HE susceptibility
drastically increases with the increase in strength. The Hall–Petch rela-
tionship predicts the strength and hardness of the material to be in-
versely proportional to the square root of the grain size [18]. However,
reducing in grain sizes increases both strength and ductility. The brittle
fracture is attributed to the insufficient number of slip systems. Grain re-
fining is one of the effective ways to active more slip systems and im-
proves the ductility [19]. As it was shown, the grain sizes in cracked
regions are twice as big as non-cracked areas. It leads to fewer activated
slip plan and decrease in crack formation resistance. Conversely,
Yazdipour et al. [20] reported that HE resistance occurs in an optimum
grain sizes. They explained that fine grains that have a high number of
grain boundaries could hinder crack propagation. While, very fine
grains provide high stored energy in grain boundaries, and a high vol-
ume fraction of hydrogen can be trapped, facilitating crack propagation.

Fig. 6 shows the texture represented byφ2 = 45° sections of the ori-
entation distribution function (ODF) calculated from the EBSDmeasure-
ments. It is worth mentioning that ODFs were calculated just for small
defined areas near the cracks. Thus, it clearly cannot present the crystal-
lographic texture for the whole sample.

Fig. 6 shows that in crack stricken regions ð112Þ½110� φ1 = 16°, ϕ=
24°, φ2 = 45° and (001)½130� φ1 = 25 and 65°, ϕ= 0°, φ2 = 45° had a
dominant texture in samples a and b, respectively. Machová et al. [21]
proposed that, in bcc materials regarding compact plane and preferred
slip direction, deformation needs three free displacements in the [100,
010, 001] directions. While these orientations would generate shear
strain in atomic bonds, provide a preferred cleavage plane through the
material. Therefore, grain boundaries related to {001}//ND have the
lower resistance to damage deformation and are preferred sites to
crack nucleation and propagation. In contrast, components (552)½115�
φ1 = 90°, ϕ = 75°, φ2 = 45° and ð221Þ½110� φ1 = 21°, ϕ = 80°,
φ2 = 45° dominated textures are seen in regions c and d, respectively.
Wassermann [22] argued that in steels at larger strains, twinning oc-
curred preferentially in crystals of the former orientation, which were
thereby rotated to {552}b115N. Normal slipwould then result in the de-
velopment of the observed {110}b001N orientation. Watanabe [23] in-
dicated that twinning is generally crack-resistant due to their(its) low
energy configurations.
of high strength Fe–18Ni–Co steel.



Fig. 4. SEM fractographs of sample with different magnification at cracked regions after SSRT.
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Fig. 7 shows the grain boundary distribution, by type (LAGBs, medi-
um angle grain boundaries –MAGBs, HAGBs, Coincidence site lattices –
CSLs) and frequency of occurrence, in the hydrogen induced cracking
(HIC)-free andHIC-stricken regions of the sample. The grain boundaries
with misorientation angles less than 5°, 5–15° and higher than 15° are
defined as a low,medium and high angle grain boundaries, respectively.

It can be seen that the number fraction of LAGBs in cracked regions is
significantly lower than non-cracked areas. In contrast, the highest frac-
tion of HAGBs is shown in cracked regions. The grain boundaries repre-
sent crystal defects and poor match of crystal planes along the
boundary. TheHAGBs possess higher energy due to dislocation accumu-
lation; whereas, the low energy of LAGBs suggests adjacent grains are
better arrangement. The development of HAGBs on cracked regions
due to the absorption of dislocation into randomboundaries. Thismech-
anism suggested that the development of boundariesmisorientation in-
creases stored energy in this zone. In contrast, development of LAGBs
Fig. 5. IPF color maps of two crack stricken (a
during SSRT might be concluded by subgrain formation. It involves
some dislocation annihilation and the rearrangement of the others
into LAGBs. Furthermore, Huang [24] confirmed the growthof subgrains
in {110}b001N crystal orientations, which, is fully compatible with the
grin orientation in non-cracked regions. Some elongated grains with
many subgrains have been observed (Fig. 5c, d). However, the grain
boundaries and dislocation cells absorb the dislocations inside the
grain, leading to an increase in the number of HAGBs in cracked regions.
Thus grain boundaries are clearer and wider than in other regions. It is
worth mentioning that an increase in dislocation piles-up at HAGBs
forms the micro-voids and cracks. Therefore, the crack can propagate
by incorporation of these micro-voids and cracks [25]. In summary,
the grain boundary strengthening decreases, with increasing in fraction
of LAGBs leading to improve the HE cracking.

It has been found that theMAGBs and CSLs are crack resistant due to
their low energy configurations, whereas HAGBs are prone to crack
and b) and crack free regions (c and d).



Table 2
Grain sizes of all regions.

Specimen A b C D

Diameter (μm) 3.24 ± 0.05 3.33 ± 0.05 1.71 ± 0.05 1.90 ± 0.05

Fig. 7. Grain boundary type of all test samples.
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formation. However, the high fraction of MAGBs is observed at both
cracked regions. On the other hand, CSL boundaries are also highmisori-
entation angle boundaries but they have special characteristics. Recent-
ly, King et al. [26] showed that LAGBs, MAGBs, and Σ CSL boundaries
adjacent to specific {hkl} planes could be crack resistant in steels. Mean-
while, it has been also observed that the grain boundaries associated
with {110} and {111} neighbor grain orientations are crack resistant;
while the boundaries are mainly linked to the {001} orientation is
prone to crack formation. According to the related ODF of both cracked
regions, it can be concluded that LAGBs, MAGBs, and CSLs linked to
{001}//ND cannot stop the crack initiation and propagation. While in
other free cracked regions, LAGBs, MAGBs and CSLs linked to {111}
and {110} are more effective in preventing crack nucleation.

It is also important to point out the evolution of different types of CSL
boundaries. The detailed CSL boundary character distributions obtained
from the plane orientation are presented in Fig. 8. The identifications of
the CSL boundaries were limited up to Σ29 type which is a well-
established criterion for such purpose because beyond Σ29, the bound-
aries are usually considered to have the same properties as those of the
random high angle boundaries.

CSL boundaries play a special role in determining the properties of
materials. The number fraction of CSL boundaries in all regions of the
Fig. 6. Calculated ODF of two crack strick
micrographs is shown in Fig. 8. It has been found that an increase in
the fraction of low-Σ (3 ≤ Σ ≤ 29), in samples c and d, is relative to the
enhancement in crack resistance [27,28]. Furthermore, CSL boundaries
are composed mainly of Σ3, Σ9, Σ 11, Σ25b and Σ27a, which, related
to b111N and b110N directions as previously explained, boundaries
are more effective to prevent crack nucleation. It is notable that Σ3
boundaries indicated as twin boundaries, however, Szpunar et al. [29]
en (a,b) and crack free regions (c,d).



Fig. 8. Detailed CSL boundary distribution.
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reported that in low carbon steel, twining structures cannot be created
due to high stacking-fault energy (SFE).

Taylor factor maps provide the prediction of yield response of each
of grain orientation obtained by EBSD scan relative to the direction of
the applied stress state [30]. Grains with lower Taylor factor (blue
color) are considered to have suitable orientations for slip while higher
Taylor factor (red color) shows the difficulty to plastic deformation
Fig. 9. Spatial distribution of Taylor factor in both crack st
occurrence. Thus, crack formation and possible undesirable fracture
are predicted [31].

Fig. 9 shows the Taylor factor images obtain by EBSD from two
cracked regions after SSR tests. The dominant fraction of the red area
is indicative of severe plastic deformation and dislocation densities
leading to highly strained grains and had higher opportunity to influ-
ence the crack propagation. The Taylor factor shows the relatively
ricken regions (a,b) and crack free regions (c and d).
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homogeneous distribution of deformed grain in both regions. However,
the high Taylor factor provides very high stored energy regions in the
specimens. Although the plastic deformation due to SSRT had some in-
fluence of Taylor factor analyzes, general higher plastic behavior was
identified in cracked regions. The results illustrated that local high strain
existed near the grain boundaries, especially at crack vicinities after
plastic deformation. It is notable that higher misorientation
corresponded to higher stressfield. Cracked regions showed higher Tay-
lor factor (Fig. 9a,b), while many grains of non-cracked regions showed
evidence of being suitable for slip actions (Fig. 9c,d). It should be noted
that {110}//ND components (green color) provide low stored energy
through the material. Furthermore, large Taylor factor mismatch value
between adjacent grains is observed in non-cracked regions as possible
areas to intergranular cracking susceptibility due to the localized strain
incompatibilities [32].

The results indicated that those high local strain fields exist at or
near grain boundaries due to pile up of dislocations during plastic defor-
mation. It is considered that higher misorientation leads to an increase
in internal stress/energy, and as a result the sample is more susceptible
to crack nucleation and propagation. In both regions, the cracks were
shown to initiate and propagate in or adjacent to grains containing
high value of Taylor factors. It is notable that the grains next to the
crack paths of both regions have shown high Taylor factors, which can
possibly mean that the energy is firmly stored into the grains and fur-
ther straining, even after fracture, introduced larger plastic straining. It
can be concluded that when a crack reaches a grain, it propagates
through nearest high Taylor factor grain with respect to the crystal ori-
entation and loading directions, thus leading to intergranular fracture
[33]. In summary, texture distributions around crack vicinity demon-
strate that crack tends to propagate along {100}//ND grains oriented.
Moreover, cracks favorably propagated along high Taylor factor grains
exhibited less resistance against crack propagation. Results obtained in
this work can be utilized to enhance precision of material models [34,
35].
4. Conclusion

In this work, slow strain rate tests (SSRT) were performed on fully
martensitic ultra-high strength Fe–18Ni–Co steel. It is concluded that
the crystal orientation plays an important role in crack initiation and
propagation under slow strain rate tests. The conclusions can be sum-
marized as below:

1. Crack stricken specimens consist mainly of {001}//ND fiber, while
crack free regions of {110} and {111} grains are domains;

2. Finer grains with higher grain boundary densities are more suscepti-
ble to hydrogen embrittlement;

3. The grains display a decrease in the number of fractions of CSL and
increasing in HAGBs on crack stricken specimens;

4. Cracks tend to propagate through the nearest high Taylor factor
grains with respect to the crystal orientation and loading directions.

5. Texture distributions around crack vicinity demonstrate that cracks
trends to propagate along {100}//ND grains orientated. Moreover,
cracks favorably propagated alonghigh Taylor factor grains exhibited
less resistance against crack propagation.
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